Abstract: This study investigates the effects of compact urban development on air pollution, taking into account both the spatial distribution of pollutants resulting from an increase in inner urban densities and the dispersion of pollutants associated with an increase in outer green open spaces. The empirical analysis is based upon a panel data model covering 17 cities in Korea from 1996-2009; this approach is used because urban air pollution is influenced by spatial and temporal changes. Measuring the air pollution level by distance from city centers demonstrates that the spatial concentration of emission sources does not necessarily increase air pollution levels. The two-way fixed effects model, which is employed to control both individual (regional) and time effects, shows that SO 2 decreases as the proportion of green area increases, while a rise in net density leads to an increase of NO 2 . Both effects are observed in the case of CO dispersion by green area as well as emission source concentration by high densities. Therefore, there is no clear impact of compact urban development on air quality, which is instead related to pollutant-specific characteristics and the emission source.
Introduction
Urban growth has caused many environmental problems, especially urban sprawl which leads to loss of green open spaces and an increase in traffic and energy consumption. As a result, the compact city concept has been put forward as a form of sustainable urban development. Air pollution is one of the key environmental problems associated with urbanization. This has brought researchers to question whether or not compact cities contribute to air pollution reduction.
Compact urban development would likely have both positive and negative effects on air quality. Supporters of the compact city concept assert that high-density development can result in reduced car dependency, reduced energy consumption, and low emissions via a decrease in distance traveled [1] [2] [3] [4] [5] [6] [7] . Specifically, it has been demonstrated that large metropolitan regions ranking highly on a quantitative index of sprawl experience a greater number of O 3 exceedances in comparison to more spatially compact metropolitan regions [6] . The significant association of nitrogen oxides (NO x ) and volatile organic compounds (VOCs) suggests that urban spatial structure plays a role in O 3 formation through its effects on O 3 precursor emissions from transportation, industry, and power generation facilities. Vehicle emissions of CO and NO x have been found to exhibit a significant negative relationship with household and employment density [3] .
Opponents of high-density developments contend that, as they concentrate many activities in a limited space, they usually cause increased air pollution [8] . Higher densities lead to traffic congestion and greater air pollution [9] [10] [11] . Large cities pollute more and generate more environmental damage than medium-sized ones; for example, higher levels of production, linked to increasing physical urban size, likely resulted in higher pollution densities in Italian cities [12] .
The relationship between reductions in pollution levels and spatial concentration of emission sources by compact urban development has been investigated, with researchers reaching the conclusion that the negative effects were relatively larger than the positive effects [13] . That is, an increase in air pollution resulted from the spatial concentration of emission sources and this was shown to be greater than the amount of reduction in pollution levels caused by a decrease in transportation-related energy. Meanwhile, there are also claims that compactness has no statistical relationship with air pollution [14] .
Despite the different arguments, the existing literature has still overlooked one important natural phenomenon that influences air pollution. Emitted air pollutants disperse and dilute in the atmosphere [15] and move freely according to the flow of air. Atmospheric dispersion and dilution of air pollutants are strongly influenced by meteorological conditions and topographical features, and urban structures have a great effect on meteorological parameters such as wind direction, wind speed, turbulence, and atmospheric stability [16] . The dispersion and dilution processes result in ambient air pollution, which shows concentrations of different substances varying in relation to time and space [16] .
Accordingly, urban air pollution is affected by the dispersion and dilution processes and is characterized by the spatial variability of pollutants [9, 17] . The transport and dispersion of pollutants over an urban area is altered as a result of increased mechanical turbulence caused by the relatively large obstacles (i.e., buildings and other structures) over which pollutants must travel [18] . Greater topographic unevenness of the terrain produces a significant increase in turbulence levels, which leads to greater dilution of a pollutant plume and reduced concentrations downwind [19, 20] . In Korea, in a study considering the pollutant transmission and dispersion processes, the maximum concentration of particles was shown as being between 50 and 60 km from the source [21] . The gaseous pollutants' concentrations were lower at the location closest to the heat source rather than farthest from the source [22] .
Furthermore, it has been reported that the dispersion and dilution of air pollutants is related to open green spaces. Open spaces planted with trees, shrubs, and grasses alter the local climate, increasing wind speeds and reducing temperatures, thereby encouraging air circulation and thus increasing the dispersion of pollutants [23] . Vegetation also directly absorbs pollutants through its foliage, thus reducing air pollution levels [24] . The average concentration of pollutants (particularly particulates) declines with increasing proportions of planted open spaces [25] . Even very small areas of open space in an urban area can reduce particulate pollution levels [26] .
Some studies have revealed the link between urban design issues, such as compactness or sprawl and air quality, namely atmospheric dispersion and dilution through simulations [1, [27] [28] [29] . Nonetheless, researchers-arguing both for and against compact city structure-are still hampered by the absence of empirical evidence to support the effects of increased urbanization on air pollution. This study attempts to draw attention to something that the existing literature has not covered for the most part, underlining that air pollution problems from urban development are mid to long term and cumulative [30] , and that air pollution concentrations are determined by dispersion and dilution processes that vary in relation to time and space. We ask whether or not compact cities contribute to air pollution reduction, considering that air pollution is influenced by spatial and temporal changes in urban characteristics as well as by dispersion and dilution processes in the atmosphere. If more green areas are secured in the surroundings of a city through compact development, this will increase the dispersion and dilution of pollutants, which can, in turn, result in lower air pollution levels. In this regard, this study attempts to investigate the effects of compact urban development on air pollution taking into account both the spatial concentration of pollutant sources resulting from an increase in inner urban density and the dispersion of pollutants associated with an increase in outer green open spaces. The empirical analysis is conducted on data from 1996-2009 obtained from automatic air quality monitoring stations located in 17 Korean cities, focusing on five major pollutants: SO 2 , NO 2 , CO, O 3 , and PM10.
Spatial Distribution Pattern of Air Pollution

Data and Methods
If only the spatial concentration of pollutant sources were a major contributor to urban air pollution, air pollution levels would be highest at the city center [33] and decrease with distance. However, if dispersion due to convection currents occurs, air pollution levels will not necessarily get higher with closer proximity to the city center. Therefore, there is a need to verify this empirically. We used a least squares linear regression for each pollutant to determine if a relationship existed between air pollution levels and distance from the city centers. Air pollution level (the dependent variable) was regressed on distance from city centers (the independent variable) in order to verify whether the estimated slope coefficients were statistically significant with negative interactions.
Air quality data for five classical major pollutants (i.e., SO 2 , NO 2 , CO, O 3 , and PM10) were obtained for the period 1996-2009 from the Annual Report on Ambient Air Quality (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) in Korea [34, 35] . Gas-phase pollutant levels, collected from 17 cities [36] with populations in excess of 200,000 people, were used in our study as determined by the availability and consistency of measured data. PM10 data was obtained for nine cities [37] dependent on data availability. Air pollutant concentrations are expressed as annual average concentrations except for ozone, which is expressed as the annual average of the maximum daily eight-hour measurement period. The city centers of the 17 individual cities were identified and the distance from city center to the air quality monitoring stations was calculated through GIS (ArcGIS 10.0). Measuring the distance was used on the function of "measure a line" among the GIS's tools on the basis of a digital topographic map with a scale of 1:25,000 [38] . The range of distance was from 0-23.45 km. There are varying numbers of air quality monitoring stations in each city, with numbers gradually increasing on an annual basis [39] .
Air Pollution Level by Distance from City Center
The air pollution levels of the five pollutants were scattered by distance from the city centers ( Figures 1-5 ). There was no clear pattern suggesting that sites closer to the city centers had higher air pollution levels [40] . For presentation convenience, regressions are aggregated by year and the regression lines for each year are shown in Figures 1-5 . The estimated slope coefficients are presented in Table 1 . The estimated slope coefficients are not always negative, implying that air pollution levels do not necessarily decrease as the distance from the city center increases. Moreover, most of them are not statistically significant, and thereby we cannot reject the null hypothesis (i.e., that the slope is 0), implying that air pollution levels do not vary depending on distance from the city center. Only some of the pollutants are statistically significant and were negative (i.e., 2002 through 2009 for CO), but there were also other cases in which the coefficients are statistically significant and positive (1996, 1997, and 2001 for NO 2 and 2006 through 2008 for PM10), meaning that air pollution levels increased with distance. Therefore, the results are inconsistent and it was difficult to make the generalization that the spatial concentration of pollutant sources resulted from compact urban development and increased air pollution levels near city centers.
Urban Compactness and Air Pollution
Data and Model
To further investigate the effects of compact urban development on air pollution, multi-dimensional panel data models were employed. The panel data model [41] is a quantitative analytical method that can be used when time-series and cross-section data are both available. Air pollution in cities is influenced by spatial characteristics (e.g., locational characteristics such as coastal or inland, geological characteristics such as mountains or plains, etc.) and periodic characteristics (e.g., changes in climatic conditions) and, therefore, spatial and temporal variations need to be taken into consideration at the same time in a panel analysis.
The panel data model handles variables that are important to the model but that are not included as explanatory variables. Another advantage is that it can also regulate estimate errors that arise from time-series processes and regional unit data. The model helps overcome the limitations of insufficient sample size (i.e., data) which were a cross-section of 17 cities and 14 year time series in this study. Considering that the atmospheric dispersion can be dependent on the location of city (e.g., whether cities are located inland or close to the coast), the location of city is an important factor. However, it was not used as an independent variable as city location does not change over time. For these reasons, the panel data model is an ideal analytical method for this study, considering that it can account for an unobservable omitted variable that has a significant effect on interurban air pollutant concentration differences.
To regulate omitted variables, error terms are categorized as variables such as individual (regional)-variant but time-invariant (or time-constant) or time-variant but individual-invariant. It also includes remainder stochastic disturbance term that is both dependent on individual and time.
The estimation equation for the panel data model is given below [42] :
The model is divided into either a fixed effects model (FEM) or a random effects model (REM) depending on the form of the error term. In the FEM, it is assumed that each subject has its own specific characteristics due to inherent individual characteristic effects in the error term, thereby allowing differences to be intercepted between subjects. Fixed effects are due to the fact that, although the intercept may differ across subjects, each entity's intercept does not vary over time-that is, it is time-invariant [43] . The REM assumes that the individual characteristic effect changes stochastically, and that differences in subjects are not fixed in time and are independent between subjects. Individual differences vary over cross-sections (i.e., subjects) as well as time [44] .
Air pollution levels, as dependent variables, were obtained by averaging observed measurements from each monitoring station in each of the 17 cities (nine in the case of PM10). There was little concern about using the averaged values because the changes in air pollution in relation to the distance from city centers was not large, as was outlined earlier (see Table 1 , Figures 1-5) . The key explanatory variable among the independent variables was the one representing the compactness of urban development. Urban compactness, in general, was measured by the activity densities within cities. Importantly, this is not the average density of the city as a whole but the relative spatial concentration of the density distribution.
Prior to defining the concept of urban compactness in this study, it examined the proportion of built-up area and green area according to the distance from city center in the Seoul metropolitan area. Seoul City Hall was selected to represent the city center and 10 concentric circles with a 20 km radius were used, starting from a concentric circle with a 2 km radius from the City Hall (Figure 6 ). The distribution rates of the built-up area and green area were calculated after each of their total areas was extracted. For example, the proportions of built-up area and green area within the entire 2 km radius concentric circle were estimated individually. This spatial analysis was carried out using ArcGIS 10.0 with a 1:25,000 scale land cover map, as published by the Korean Ministry of the Environment [38] . The results showed that the further the distance from the city center, the smaller the built-up area ratio becomes, whereas the proportion of green area increases ( Figure 7 ). This means urban compactness relatively increases when the net density in the built-up area increases under the population-based control variable. This concept can be explained with the following equation when the activity densities are approximated by population density. It can be seen that, even if the gross density of a city is the same, urban development has been carried out in a more compact way if the net density in the built-up areas is higher.
The higher the degree of city compactness, the greater the ratio of green area surrounding the built-up area. Accordingly, the ratio of green area for a total land area (i.e., the proportion of green areas) and the number of people within the built-up area (i.e., the net density) are employed as two complementary indicators that characterize urban compactness in this study. Total land area implies a separate, distinct administrative district. The type of land use in the built-up area is indicated according to plots used for building and factory construction according to the plot-based land-use classification system used in Korea. Meanwhile, the green areas indicate plots classified as forests, parks, and recreational areas.
As additional explanatory variables, population size as well as the presence of manufacturing industries and vehicle dependency are added. Population size is used to control for the absolute level of pollution emissions. The manufacturing dependency of a city is assessed as the net density of workers engaged in a manufacturing industry hiring five or more employees in the built-up area. Vehicle dependency is expressed as the interaction between vehicle ownership and availability of road infrastructure: Vehicle ownership is calculated as the number of registered motor vehicles per capita and road availability is represented as the proportion of the plots classified as road space and parking lot in the administrative district [45] . The data for these variables were obtained from the Statistical Yearbook (1997-2010) [43] and the Report of the Census on Establishments (1997-2010) [46] , which were published by government agencies in each of the different cities.
Estimation Results
The FEM is selected based on the Hausman specification test [47] , in which the estimated χ 2 value is highly significant. The FEM is further divided into a one-way and a two-way model. The two-way FEM assumes that both the individual effect and the time effect have a constant influence over all observation units. Individual effects are caused by certain unique, unobservable properties of the 17 cities, while time effects are associated with the unique properties of each time series from 1996-2009. The production of air pollutants may be caused by certain unique and unobservable traits of individual cities. At the same time, air pollution control technologies and policies can potentially influence air quality in a mid-to long-term timeframe, and pollution may improve or worsen accordingly. Therefore, the two-way FEM is employed in order to control both individual (regional) effects and time effects. Time-Series Cross-Section Regression in SAS software (ver. 9.2) was used for estimation.
The estimation results summarized in Tables 2-6 indicate that urban compactness has both negative and positive effects on air quality; the former is about the spatial concentration of pollutants resulting from high densities in built-up areas, the latter is about the dispersion of pollutants attributed to green areas. On the one hand, NO 2 and CO increased as the net population density increased, implying that compact urban development can result in greater spatial concentration of pollutants. On the other hand, SO 2 and CO decreased as the proportion of green areas increased, implying that green areas secured by compact development can promote the dispersion of pollutants and thereby mitigate air pollution. Consequently, there is no clear impact of compact urban form on air quality. Air pollution resulting from compact urban development may vary according to pollutant-specific factors and emission source. Meanwhile, urban compactness did not have a significant effect on PM10 and O 3 . Since O 3 is not usually emitted directly into the air and is rather created by the chemical reactions of primary pollutants or previously emitted gases, it may be difficult to identify emission sources related to urban spatial structure. PM10 emissions are mainly caused by combustion of traffic and manufacturing, but it may also be hard to evaluate the influence of PM10 non-exhaust emissions on air quality. PM10 significantly increases with a growing number of people, indicating that, as city size increases, PM10 concentrations increase correspondingly. Manufacturing and vehicle dependency had no significant relationship with air pollution levels, although NO 2 and CO are particularly related to automobile exhaust gases.
Conclusions
This study is intended to shed some light on whether compact urban development improves air quality or not. Considering that air pollution is influenced by spatial and temporal changes of urban characteristics as well as by the dispersion and dilution processes in the atmosphere, this study attempts to look into both the spatial concentration of pollutants by high-density development and the dispersion of pollutants by green open spaces. As seen in the spatial distribution patterns of air pollution, it is difficult to make the generalization that air pollution levels around city centers were increased by the spatial concentration of emission sources resulting from compact urban development. In regard to the effects of compact urban development on air pollution, the estimations of the panel data models indicate that urban compactness has both negative and positive effects on air quality. This study suggests that it is difficult to confidently assert that a compact city contributes to a reduction in air pollution; however, if compact urban development does contribute to a rising proportion of green areas, then such a development is helpful in mitigating air pollution.
Urban air pollution assessment is desirable in terms of determining the average concentration levels of an entire city rather than on a local scale. Because air pollution levels are influenced by the dispersion and dilution processes and the extent and magnitude of dispersion may depend upon spatial and temporal variations in urban characteristics, there is a need to differentiate in regard to whether emission sources are concentrated at the local or regional level and to develop an integrated management system that minimizes local to citywide emissions and thus regulates total urban emissions. For example, NO 2 is emitted from sources linked to high densities and, therefore, local emission control measures are important. For PM10 and O 3 , it is preferable to monitor primary pollutants and sources overall and to regulate total emissions because these are most commonly produced by gas-to-particle conversions. Preferential controls and optional management strategies need to be followed in order to respond to changes in pollution levels, especially maximum concentrations for a certain period.
One of the limitations of this study is that it characterizes urban compactness using two simple measures-i.e., net density and proportion of green areas. Thus, it cannot reflect in a nuanced way the complex and diverse attributes of urban spatial structures (e.g., mixed land use, intensified city, etc.), which may also influence air pollution. The result of this study also does not take into account the significant value of green open spaces within built-up areas, since it considered only the value of outer green areas. Additional empirical analysis should be conducted to ascertain the extent to which green areas within built-up areas reduce air pollution.
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